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Abstract
TheBelgiancoastalplainprovidesanexcellentopportunitytostudythedevelopmentoffreshwaterlenses.
Aquiferheterogeneityandhumani terferencesuchaslandreclamationdeterminethedistributionffresh
andsalt-water.BeforethelandreclamationtheBelgiancoastalplainwasatidalflatandthegroundwater
reservoirwasmainlyfilledwithsalt-water.F omaround1100AD,withthecompletionflandreclamation,
thissalt-waterwasreplacedbyfresh-waterl adingtothenowobservedgroundwaterqualitydistribution.
Theheterogeneousdistributionfpeat,clay,siltandsandinfluencesthegeneralflowanddistributionf
freshandsalt-wateralongwiththedrainagepatternandresultsinthedevelopmentoffresh-waterl nses.
Thesefresh-waterl nsesweresurveyedinthepolder'NoordwateringVeurne'situatedonthewestbank
oftheIJzeriverinthewesternBelgiancoastalplain.Dataofapreliminaryfieldsurveyandliteraturedata
werecombinedtomakea3DgroundwaterflowmodeloftheareausingtheMOCDENS3Dcode.This
modelshowsthe3Ddevelopmentoffresh-waterl nsesinaheterogeneousaquifer.
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Introduction
SedimentsoftheBelgiancoastalplainareofQuaternaryageandconsistofalternationsofclay,sand,silt
andpeatdepositedandformedintidalflatenvironment.Thisleadstoa heterogeneousgroundwater
reservoirhaving,togetherwithimportanthumaninterference,itsinfluenceonthenowadaysobserved
distributionffreshandsalt-groundwater.Between7500and5500BPamudflatenvironment,i which
mudandsaltmarshdepositsformed,waspresentintheBelgiancoastalplain.Tidalchannelsandgullies
wereincisedinmainlyclasticdeposits( andandclay)withlocalpeatlayers.From5500BPon,peatgrowth
becamemoreimportantbecauseofa lowerateofsealevelrise.Peatdevelopmentlocallycontinuedto
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about2000BP.Thiswasendedbyrenewedinvasionftheseainthecoastalp ain.Again,mudflat
environmentswithmanytidalchannelsandgulliesdeveloped.Duringthisevolution,thegroundwater
reservoirwasalmostcompletelyfilledwithsalt-water.Evidenceofhumanactivityinthecoastalplainis
foundfromRomantimesonward.Dikeswerebuiltasprobablyasearlyasthe10thcenturyADaroundsome
tidalchannels.Theyservedtoprotectthereclaimedlandfrominfluenceofthesea.Alsoadensenetwork
ofdrainagechannelswasconstructedinthereclaimedareas.Fromthebeginningofthe12thcenturymost
ofthecoastalplainwasreclaimed.Fromthenononlyfresh-watercouldenterthegroundwaterr servoir
andtheoldersalt-waterwasgraduallyreplacedwiththisfresh-recharge-water.Thereby,fresh-wateris
foundinlensesintheformertidalchannelsandgulliesandsalt-waterintheadjacentareas.Thishas
differentreasons.First,theformertidalchannelsandgulliesconsistofpermeablesandydepositswhereas
theadjacentareasconsistsoflesspermeableclay,siltandorpeatdeposits.Secondly,thetidalchannel
depositsaregenerally(:I:: 1to2 meter)higherinrelief,principallyduetothedifferentcompaction
propertiesof thesediments.Therefore,thetermtidalchannelridgeisoftenused.Finally,dueto the
differenceindrainageintensitybetweenthetidalchannelridgesandtheadjacentareas,whichisalready
aconsequenceoftheconstitutionftheirsubsoilandoftheirelevation,thetidalchannelridgesareless
intensedrainedthantheadjacentlesspermeableareas.
BecauseofitsQuaternarygeologicalhistoryandtheamountof(hydro)geologicaldataavailable( .g.a
mapshowingthedepthofthe1500mg/ltotaldissolvedsolids(TDS)contourlinefortheentirecoastal
plainpresentedbyDeBreucketal.(1974)andnumerousotherlocalstudies)theBelgiancoastalplain
providesanexcellentopportunitytostudythedevelopmentoffreshwaterlenses.Recentworkconsisted
ofsurveyingthegroundwaterqualityarounda majortidalchannelridgeintheeasternBelgiancoastal
plain(Vandenbohedeandlebbe,2000).A 2Ddensitydependentgroundwaterflowmodelofthischannel
wasmade(Vandenbohedeandlebbe,2002a;Vandenbohede,2003)showingthedevelopmentofwater
qualitydistributioninandaroundthechannel.Inthisworkwaterqualityevolutiona dgroundwaterflow
inandaroundfresh-waterl nsesi studiedusinga3Ddensitydependentumericalmodel.Theinfluence
ofdrainagechannelswillalsobeshown.
Studyareaandfieldwork
ThestudyareaislocatedinthewesternBelgiancoastalplain(Figure1).Itisboundedintheeastandthe
southbytheIjzeriver.Thegroundwaterr servoirconsistsofQuaternarysand,silt,clayandpeatdeposits
boundedbelowbyPaleogened positsoftheKortemarkMember(FormationfTielt)andtheAalbeke
Member(FormationfKortrijk).Theseareclayandsiltousediments.A numberofoldQuaternarytidal
channelsrunthrought estudyarea.Theirsubsoilconsistsofpermeablesandydeposits.Adjacentdeposits
arelesspermeablesilt,clayandpeatsediments.
linster(2003)madefieldworktosupplementliteratureandthearchivaldataofthearea.Sevenrotary
drillingswereperformed.Fourwellsweregroupedonatidalchannelridgeallowingtheperformanceofa
pumpingtest.Geophysicalboreholemeasurementsweremadein all wells.Therefore,a focussed
electromagnetici du tiontool(EM39,GeonicsC»wasused.TheEM39isespeciallydesignedforusein
wellsencasedwithelectricalnon-conductivematerials.EM39measurestheelectricalconductivityofthe
surroundingsoilwithinadistancerangingfrom20to100cmfromthewellaxiswhilebeinginsensitiveto
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Figure1.Localisationfthestudyarea.
conductivityoftheboreholefluidanddisturbedmaterialsituatednearthewellaxis.Theverticalresolution
is20centimetres.Thismakesitanexcellenttooltostudythedistributionffreshandsalt-watera ound
observationwells.MoredetaileddiscussionftheEM39-toolcanforinstancebefoundinMcNeil(1986)
andVandenbohedeandLebbe(2002b).Moreover,measuredelectricalconductivitiescanbeeasily
recalculatedototaldissolvedsolidscontent(TDS)oftheporewater(VanMeirandLebbe,2002).Figure
2showstwoexamplesofEM39measurementsi PP4and583.PP4islocatedonatidalchannelridge.
lowelectricalconductivitiesaremeasuredindicatingthatthegroundwaterr servoirisfilledwithfresh
water.BasedonEM39measurements,ameanTDSof1000mgllisderivedforPP4.largeconductivities
below-3 mTAWareduetothePaleogeneclayeyandsilteousdepositsanddothusnotreflectporewater
chemistry.583issituatedintheadjacentlesspermeables diments.Highconductivitiesaremeasured
meaningthatthesedimentsarefilledwithsalt-water.BasedonEM39measurements,a meanTDSof
14000mgllisderived.
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Figure2.EM39measurementsi PP4andSB3(Linster,2003).
A pumpingtestwasperformedonthetidalchannelridgeaimingtoderiveitshydraulicconductivity.The
pumpingtestwasinterpretedusingtheinversenumericalmodeloftheHYPARIDENprogrampackage
(lebbe,1999).Ahorizontalhydraulicconductivityof4.09mIdandaverticalconductivityof0.31mIdwere
deduced.
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3DsimulationwithMOCDENS3D
MOCDENS3D(OudeEssink,1998,2001)is usedhere.It isbasedonthethree-dimensionalsolute
transportcomputercodeMOOD(KonikowetaI.,1996),butadaptedfordensitydifferences.Tosimulate
theflow,thegroundwaterr servoirisdiscretizedin64columnsand53rows,eachwitha widthof
50meters.So,thedimensionsof themodelledareaare3.2by2.65kilometres.Twelvelayerswitha
thicknessof1,5meterareused.Thefinite-differencegridcontainsthus40704cells.
Distinctionismadebetweenthepermeabletidalchannelsandadjacentlesspermeables diments.Todo
thisforthemodelledarea,resultsofrecentfieldwork(Linster,2003),literaturedataandthesoilmapwere
used.SandydepositsarepresentfromlayeronetothelayerjustabovethePaleogened positsintheold
tidalchannels.Itshorizontalndverticalhydraulicconductivitywasderivedwiththepumpingtest.The
adjacentlesspermeablelayerswereschematisedasfollows:claylayer(modellayer1),peatlayer(layers
2and3)andclay(layers4tolayerabovethePaleogenes diments);itshorizontalhydraulicconductivities
arerespectively0.38mId,0.13mIdand0.10mId.Anisotropyortheratioof horizontalto vertical
conductivityis50.DepthandoccurrenceofthetwomembersofthePaleogened positswerederivedfrom
thegeologicalmap(JacobsandDeCeukelaire,2002)supplementedbytherecentfieldwork.Horizontal
conductivityoftheKortemarkandAalbekeMemberarerespectively0.08mIdand0.0066mIdandtheir
anisotropyisputequalto50.
Thewatertableformstheupperboundary.Thelowerboundaryisanimpermeableon andissituatedin
thePaleogened posits.TheIlzeriverformsintheeastandsouthaconstantheadboundaryinthefirst
threelayers.Theconstantheadis3.14mTAWbeingthemeanwaterleveloftheriver(mTAWistheBelgian
ordnancedatumreferringtomeanlowlowwaterlevel.about2.3mbelowmeansealevel).Eastandsouth
boundariesfortheotherlayersareimpermeableon s.Northandwestboundariesarealsoimpermeable.
Rechargeis56mmlyearontheformertidalchannelsand5.6mmlyearontheadjacentareas.Twomajor
drainagechannelscrossthestudyarea.Additionally,adensenetworkofsmallerdrainagechannelsi
present.ThisdrainagesystemwasincludedusingMODFLOW'sdrainagepackage.Thedrainagel velof
majorchannelsis2mTAWand2.25mTAWforthesmallerchannels.
Withthestartof thesimulation,thegroundwaterr servoiriscompletelyfille~withsalt-water(TDS=
27000mg/L).Thisreflectsthesituationbeforethelandreclamation.Thereafter,onlyfresh-watercan
rechargeandthisfresh-waterr placesthesalt-water.Thestartofthesimulationissetat1100ADafter
whichtheinfluenceof theseais consideredminimal.Thelongitudinaldispersivitys 0.2mandthe
horizontalandverticaltransversedispersivityarerespectively0.02mand0.01m.Effectiveporosityis0.38.
ThesearebasedonexperienceswithsimilarmodelsintheBelgiancoastalplain.Atotalperiodof900years
issimulated.
Discussion
Figure3 showsacross-sectionalongcolumn25.Twomajordrainagechannelsarefoundinthiscross-
section,oneinthenorthernpartofthecross-sectionandonebetweenthetwotidalchannels.Duringthe
first400yearsofthesimulationthetidalchannelssalt-waterisgraduallyreplacedbyfresh-recharge-water.
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Figure3.North-southcross-sectionalongcolumn25after100(1200AD),200(1300AD),400(1500AD)and900
(2000AD)yearsimulationtime.linesofconstantfreshwaterheadareindicatedtogetherwithisoconcentration
linesandgroundwaterflowanditsvelocityusingarrows.
Thisisnotthecaseinthelesspermeableadjacentareas.Inthesezonesalt-waterisfoundupuntiltoday.
Thereforefr sh-waterl nsesarefoundinboththeformertidalchannels.Thiswasalsoobservedwiththe
EM39measurements.Groundwaterv locitiesarealsomuchfasterintheformertidalchannelsandits
immediatesurroundingsthanintheadjacentlesspermeabled posits.Ofnoteistheinfluenceofthetwo
majordrainagechannels.Thedrainagechannelpresentbetweenthetwotidalchannelridgesmakesthat
theinterfaceb tweenfreshandsalt-waterispushedupwardstowardit.Salt-wateristhusfoundshallower
underthedrainagechannelthaninitsvicinity.Otherwise,asecondrainagechannelispresentjustnorth
ofa formerchannelridge.Thischannelattractsfresh-waterthatrechargesonthetidalchannelridge.
Therefore,thelesspermeables dimentsbetweentheformertidalchannelandthedrainagechannelare
partiallyfreshened.
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Figure4showsacross-sectionalongrow17.Twotidalchannelridgeswithlesspermeables dimentsin
betweenarepresentinthiscross-section.Theeasternchannelridgeillustratesthedevelopmentofatypical
fresh-waterl ns.Fresh-waterr chargesonthechannelridgeandflowsoutonthetransitionbetweenit
andtheadjacentareawithlesspermeables diments.Themainflowdirectioni thecentreofthefresh
waterlensisdownward.Animportantdrainagechannelispresentonthewesternchannelridge.Because
ofthedrainageflowisdirectedtowardsthedrainagechannelinitsimmediatesurroundings.Thisinterferes
withthedevelopmentof hefresh-waterl ns.Therefore,anupconingofsalt-waterunderthedrainage
channelisfound.Noticealsothathenormalflowcycleinafresh-waterl ns,downwardflowinthecentre
andanupwardflowalongtheedges,isherereversed.
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Figure4.West-eastcross-sectionalongrow17after100(1200AD),200(1300AD),400(1500AD)and900
(2000AD)yearsimulationtime.Linesofconstantfreshwaterheadareindicatedtogetherwithisoconcentration
linesandgroundwaterflowanditsvelocityusingarrows.
Figure5showswaterqualitydistribution,hydraulicheadandgroundwaterflowinlayer2after900years.
Thisisthusthecurrentsituationjustunderneaththewatertable.Influenceoflithologyisobvious.Fresh-
waterispresentinthechannelridgesandsaltandbrackish-waterinbetween.Groundwaterflowvelocities
arelargestinthetidalchannelridgesandalmostnegligiblesmallintheadjacentareas.Themaindrainage
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channelsalsoinfluenceflow.Forinstance,thereisanimportantflowtowardsadrainagechannelinthe
north-westernquadrantof themodelarea.Fresh-waterflowstowardsthischannelinthepermeable
channelridgescircumventinghelesspermeablepartsofthegroundwaterr servoir.
,
x10
0.5
Figure5.Waterqualitydistribution,hydraulicheads(contourlinesevery20cm)andgroundwaterflowinlayer200
after900years(2000AD).
Conclusion
IntheBelgiancoastalplain,thedistributionffreshandsalt-waterisinfluencedbytheheterogeneityof
theQuaternarygroundwaterr servoir(complexdistributionfclay,silt,sandandpeat)andbyhuman
intervention(landreclamation).Beforethelandreclamation,thegroundwaterr servoirwasalmost
completelyfi ledwithsalt-water.Afterwards,thissalt-waterwasreplacedbyfresh-recharge-water.Thisl d
tothedevelopmentoffresh-waterl nsesinthemorepermeableformertidalchannels.Salt-waterp esent
betweenthesechannelridgeshasnotbeenreplacedyet.Thisdistributionwasobservedwithgeophysical
boreholemeasurements(EM39)andtheevolutionwassimulatedwitha3Dmathematicalmodelusingthe
MOCDENS3Dcode.Themodelalsoillustratedtheinfluenceofthedrainagechannels.Anupconingofsalt-
waterispresentunderdrainagechannels.Inanothercasewherethedrainagechannelissituatedinthe
lesspermeables dimentsclosetoatidalchannelridge,fresh-waterr chargingonthechannelridgeflows
towardsthisdrainagechannel.
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